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To optimize the interaction between chiral matter and highly twisted light, quantities that can
help characterize chiral electromagnetic fields near nanostructures are needed. Here, by analogy with
Poynting’s theorem, we formulate the time-averaged conservation law of optical chirality in lossy
dispersive media and identify the optical chirality flux as an ideal far-field observable for character-
izing chiral optical near fields. Bounded by the conservation law, we show that it provides precise
information, unavailable from circular dichroism spectroscopy, on the magnitude and handedness of
highly twisted fields near nanostructures.
I. INTRODUCTION
Chiral shapes are those not superimposable upon their
mirror image. Chirality is common in nature, e.g., in
biomolecules that exist in either left- or right-handed
forms (known as enantiomers). It is also seen in knotted
and twisted fields, such as fluid vortices [1, 2], magnetic
flux tubes [3], and circularly polarized light [4]. Indeed,
chiral electromagnetic fields have long been exploited to
characterize chiral matter. More recently, their use has
also been proposed for enantioselective biosensing [5, 6],
enantioselective separation [7, 8], asymmetric catalysis
[9], and nonlinear spectroscopic imaging [10, 11]. In
many of these applications, metallic nanostructures are
utilized because their local plasmonic resonances can cre-
ate concentrated electromagnetic fields [12]. When the
nanostructures have a chiral shape, they can exhibit a
high degree of optical activity [13–17] and induce intense
highly twisted chiral near fields [18–20].
However, it is not always clear how to utilize these
near fields most effectively. For example, in enantiose-
lective biosensing, a molecule should interact with the
near field of the chiral plasmonic nanostructure [6]. To
maximize the effect, the near field should first be charac-
terized through an appropriate far-field quantity. Typ-
ically, this has been done with circular dichroism (CD)
spectroscopy, which records the difference in the opti-
cal extinction from a chiral object when it is illuminated
with left- and right-handed circularly polarized light (for
alternative methods see [21, 22]). For most biomolecules,
the differential absorption dominates the CD signal and
provides information about the chiral arrangement of the
molecular components. For larger objects, differential
scattering becomes increasingly important, yielding data
about longer-range (& 20 nm) structure [23]. While ob-
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taining such knowledge is useful in many contexts, in ap-
plications such as enantioselective biosensing, we already
know the nominal chiral shape of our plasmonic nanos-
tructures. Rather, we wish to characterize the chirality
of their intense near fields. This can be problematic with
CD spectroscopy for two reasons: (i) excitation with cir-
cularly polarized light introduces local chirality in the
system that is unrelated to the structure, and (ii) the
differential extinction of left- and right-handed circularly
polarized light can contain unwanted cancellation effects.
Consequently, the amplitude and sign of the peaks in CD
spectra do not directly relate to the chirality of the near
field [20]. Thus, a need exists for a more useful physical
quantity for characterizing chiral near fields.
Herein, we identify such a quantity, the optical chiral-
ity flux. By analogy with Poynting’s theorem, we for-
mulate a time-averaged conservation law for chirality in
lossy dispersive media. We show how a chiral nanostruc-
ture can selectively dissipate linearly polarized light and
generate an optical chirality flux in the far field. Fur-
ther, we verify both analytically and numerically that
this quantity can then provide useful information, not
obtainable from CD spectroscopy, about the amplitude
and handedness of the near-field chirality of the nanos-
tructure. Therefore, the optical chirality flux provides a
useful far-field observable for studying chiral near fields.
II. CHIRALITY CONSERVATION
Chiral electromagnetic fields exhibit a twist around an
axis, which in general can be referred to as optical chiral-
ity. More tightly wrapped field lines arise when a higher
degree of local chirality exists [24]. This can be quantified
via the optical chirality density [25],
χ =
1
2
[D · (∇×E) + B · (∇×H)], (1)
where E and B are the time-dependent electric and mag-
netic fields. We assume linear dispersive media such that
D = (ω)E and B = µ(ω)H with  = ′ + i′′ as the
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2complex electric permittivity, µ = µ′ + iµ′′ the complex
magnetic permeability, and ω the angular frequency. In
its time-averaged form, Eq. (1) yields
χ¯ = −ω
2
Im(D∗ ·B), (2)
which is a time-even and parity-odd pseudoscalar [26].
Recently, χ has been interpreted as the degree of asym-
metry in the excitation rate between a molecule and its
enantiomer in a chiral local field [24]. Further, a signif-
icant increase in enantioselectivity was found when chi-
ral molecules interact locally with electromagnetic fields
with χ greater than in circularly polarized light [5]. Con-
sequently, χ has since been used to study chiral plas-
monic nanostructures [6, 18, 19, 27]. It has identified
near fields of high optical chirality enhancement, defined
as the time-averaged optical chirality density [Eq. (2)]
normalized by the corresponding value for circularly po-
larized light [18]. It has also been used to calculate
wavelength-dependent quantities by spatially averaging
near a structure of interest [19, 28, 29] or by evaluating
at a single spatial coordinate [30]. Although this can pro-
vide an indication of the spectral dependence of χ (e.g.,
for comparison with CD spectra [28]), the results vary
with choice of integration volume or spatial coordinate.
Instead of χ, we focus on the conservation of optical
chirality. If χ is combined with the optical chirality flux,
Σ =
1
2
[E× (∇×H)−H× (∇×E)], (3)
a conservation law for χ analogous to Poynting’s theorem
can be obtained [24, 26, 31, 32]:∫
V
δχ
δt
d3x+
∫
S
Σ · nda = 0. (4)
Previously, such a law was defined for lossless dielectrics
[25, 33]. We extend this treatment and consider lossy
dispersive media by analogy with Poynting’s theorem
for time-harmonic fields. As shown below, this yields
a physical interpretation of the dissipation of optical chi-
rality and the optical chirality flux. In contrast to prior
wavelength-dependent studies, the quantities obtained in
this approach are uniquely defined and bounded by the
conservation law.
For time-averaged, time-harmonic fields, Poynting’s
theorem for conservation of energy in source-free lossy
dispersive media is [34]
− 2ω
∫
V
Im(we − wm)d3x+
∫
V
Re(∇ · S)d3x = 0. (5)
Here we =
1
4 (E · D∗) and wm = 14 (B · H∗) are the
harmonic electric- and magnetic-energy densities; E , D,
B, and H represent the complex time-harmonic fields;
and S = 12 (E × H∗) is the complex Poynting vector.
The two terms in Eq. (5) represent energy dissipation
and energy flux, respectively. Because Im(we − wm) =
− 14 (′′|E|2+µ′′|H|2), the dissipation term is non-zero only
for lossy media, i.e., those with imaginary components in
the permittivity or permeability.
In this work, we study source-free systems where J =
0. In general, the right-hand side of the time-domain
conservation law of optical chirality [Eq. (4)] is − 12 [J ·
(∇×E)+E·(∇×J)]. Analogously to Poynting’s theorem,
by applying Maxwell’s equations and vector identities to
the time-averaged form of this expression (Appendix A),
we obtain the time-averaged, time-harmonic conservation
law for optical chirality in lossy dispersive media:
− 2ω
∫
V
Im(χe − χm)d3x+
∫
V
Re(∇ ·S )d3x = 0, (6)
where χe and χm are defined as the complex harmonic
electric and magnetic optical chirality densities, and S
is the corresponding optical chirality flux:
χe =
1
8
[D∗ · (∇× E) + E · (∇×D∗)], (7)
χm =
1
8
[H∗ · (∇× B) + B · (∇×H∗)], (8)
S =
1
4
[E × (∇×H∗)−H∗ × (∇× E)]. (9)
Equations (6) to (9) form the central result of this
work. This extension of the conservation law to lossy
dispersive media identifies the mechanism of optical chi-
rality dissipation upon interaction with matter [first term
in Eq. (6)]. Furthermore, by studying its time-averaged,
time-harmonic form, we establish the optical chirality
flux [second term in Eq. (6)] as a physically measurable
quantity.
In general, the dissipation term in Eq. (6) can be writ-
ten as
Im(χe − χm) =
1
8
[−∇′ · Im(E × E∗)−∇µ′ · Im(H×H∗)] (10)
+
1
4
(′µ′′ + ′′µ′)Im(E∗ · H).
Equation (10) is then integrated over the entire struc-
ture. [In previous work, Eq. (2) was evaluated in the
space surrounding the structure.] The first term on the
right hand side of Eq. (10) describes optical chirality
dissipation via a gradient in ′ and µ′. The examples
presented here study piecewise homogeneous, isotropic
media where ∇(ω) and ∇µ(ω) can only be non-zero be-
tween material domains. Thus, an interface is required
for this dissipation mechanism [35]. Note that the con-
servation law in Eq. (6) is not restricted to piecewise ho-
mogeneous, isotropic media, but is generally applicable
to anisotropic systems. Additionally, the second term on
the right hand side of Eq. (10) is non-zero only for lossy
3FIG. 1. Conservation of optical chirality for a chiral structure
(hand) made of a lossy dispersive medium. The structure is
excited (left) with achiral linearly polarized light. Due to the
conservation law [Eq. (6)], dissipation of optical chirality in
the structure causes an outgoing optical chirality flux (right).
media (′′ 6= 0 or µ′′ 6= 0) in analogy to the dissipation
term in Poynting’s theorem [Eq. (5)].
Figure 1 summarizes these results schematically. A chi-
ral structure (a hand) made of a homogeneous isotropic
lossy dispersive medium is excited with vertically polar-
ized light. As linear polarization is an equal superposi-
tion of left- and right-handed circular polarization, the
incoming optical chirality flux is zero. If the structure
then selectively dissipates optical chirality of one hand-
edness, a non-zero outgoing optical chirality flux must
be generated according to Eq. (6). In this case, the
only chiral light contained in the scattered field is due to
the structure. Because the scattered optical chirality flux
can be directly related to the polarization of the scattered
light [31], it is an easily measurable far-field quantity.
Indeed, for an electromagnetic plane waveS is propor-
tional to the third Stokes parameter, an experimentally
observable quantity describing the degree of circular po-
larization [34]. The amplitude of an electric field can be
written as A = lALCPL + rARCPL, where l and r are
the weighting factors of left- and right-handed circular
polarization. Thus, S is a linear combination of compo-
nents of each handedness: S = |l|2SLCPL + |r|2SRCPL
(analogous to the power flux S). By applying Eq. (9) to
left- and right-handed circularly polarized light (with µ
= µ0), S can be directly related to S:
SLCPL =
ω
c
SLCPL, (11)
SRCPL = −ω
c
SRCPL, (12)
S =
ω
c
(|l|2SLCPL − |r|2SRCPL). (13)
Eq. (13) is proportional to the third Stokes parameter.
Before proceeding, we briefly compare S to another
quantity which is potentially useful for characterizing chi-
ral fields, the optical helicity [32, 36, 37]. Because the he-
licity depends on the electric vector potential, it is only
uniquely defined for divergence-free D fields. Further,
although the optical helicity can be gauge invariant if
integrated over all space [32], it cannot be determined
using only quantities obtained directly from Maxwell’s
equations. In contrast, the optical chirality flux can be
calculated directly from the vector fields.
III. QUASISTATIC ELECTRIC-DIPOLE LIMIT
So far, we have identified the optical chirality flux as
a uniquely defined, far-field observable. We now con-
sider whether it can provide information about the mag-
nitude and handedness of the time-averaged optical chi-
rality density [Eq. (2)] in the near field surrounding a
chiral structure. For this, we first treat a small sphere in
the quasistatic electric-dipole limit analytically.
In this system, both the local electric-field intensity
and the scattered power exhibit a resonance due to the
denominator in the electric-dipole polarizability, αe =
4pi0a
3{1(ω) − 2}/{1(ω) + 22}. Here a is the sphere
radius, and 0, 1, and 2 are the permittivity in vacuum,
the structure, and the surrounding medium, respectively
[12]. Because the sphere is achiral, we introduce chirality
to this system by exciting it with circularly polarized
light.
Specifically, we study the electric field Etot = Einc +
Escat and the magnetic field Htot = Hinc + Hscat ≈
Hinc, where the incident field corresponds to that of left-
handed circularly polarized light propagating in +z. Fur-
thermore, in the quasistatic limit, where the near zone of
an electric dipole extends to infinity, the scattered fields
are defined as the static dipole fields with harmonic time
dependence [34].
The optical chirality density χ¯ [Eq. (2)] and optical
chirality flux S [Eq. (9)] are then:
χ¯d =
E20k
16pir3
{
16pir30 −Re(αe)[1 + 3cos2θ]
}
, (14)
Sd =
ω
2k
χ¯d
 cosθ−sinθ
0
 , (15)
where E0 is the amplitude of the incoming electric field,
k the wavenumber, r the radial coordinate, and θ the
polar angle. Equations (14) and (15) describe the spatial
dependence of the optical chirality density and optical
chirality flux in this system.
Equation (14) contains two terms, corresponding to
the optical chirality density of the incoming and scattered
fields, respectively. The same two terms are in the optical
chirality flux [Eq. (15)]. For the scattered field, this
means that both the optical chirality density and flux
exhibit the same resonance condition, defined by the real
part of αe. This corresponds to the Fro¨hlich condition
where Im(1) is small or slowly varying at resonance [38]
(Appendix B).
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FIG. 2. (a) The scattered power, Sscat, and scattered optical
chirality flux, Sscat, for a 10-nm-diameter Ag sphere excited
with left-handed circularly polarized light (inset). Both quan-
tities are integrated over the sphere volume and normalized.
Their spectra match exactly according to the resonance in the
electric-dipole polarizability αe (vertical arrow). The peak in
Sscat corresponds to the near-field resonance of the optical
chirality density calculated analytically in the electric-dipole
limit. (b) Optical chirality flux, Sscat, for a 10-nm-diameter
Ag nanosphere, upon excitation with left- (Sscat,LCPL) and
right-handed (Sscat,RCPL) circularly polarized light. The
sign of Sscat changes with the handedness of the excitation
source.
Figure 2(a) verifies this analytical treatment via nu-
merical simulations (Appendix C) of a 10-nm-diameter
Ag nanosphere. The scattered power and scattered op-
tical chirality flux are integrated over a volume slightly
larger than the nanosphere to yield Sscat and Sscat, re-
spectively. We note that for optical chirality, magnetic
dipolar contributions must also be considered, as dis-
cussed in Appendix D. As expected, a peak appears in the
spectrum of each quantity at the resonance in Re(αe). At
this frequency, a near-field resonance also occurs in the
optical chirality density [Eq. (14)]. Thus, a direct con-
nection exists between the optical chirality density in the
near field of a structure and the optical chirality flux in
the far field.
In Fig. 2(b) we show that excitation with left- or right-
handed circularly polarized light results in mirror sym-
metric Sscat spectra for an achiral nanosphere. This is
expected from the chirality conservation law because the
sphere is excited with an incoming optical chirality flux
of positive or negative sign, respectively.
IV. CHIRAL PLASMONIC NANOROD DIMER
Due to the connection between optical chirality density
in the near field and optical chirality flux in the far field of
a structure, one might conclude that these quantities are
equivalent for characterizing the chiral near field. How-
ever, S is clearly superior because it is bounded by the
conservation law. We confirm this with a specific exam-
ple. For simplicity, we treat a Ag nanorod dimer that ex-
hibits only two-dimensional chirality (see Fig. 3). With
finite-element simulations (Appendix C), we excite the
structure with x-polarized light propagating along +z.
Figure 3(a) maps the optical chirality enhancement of
the dimer at a transverse (359 nm) and longitudinal (500
nm) resonance for a slice in the x-y plane at z = 0 (the
center of the rods). (Further transverse resonances at 347
nm and 369 nm are shown in Appendix E.) The three
panels of Fig. 3(b) plot: the optical chirality density
[Eq. (2)] integrated over the space near the dimer, the
scattered component of the dimer’s CD spectrum (again
excited along +z), and the optical chirality flux scattered
in the forward direction. We chose this last parameter
because the polarization of forward scattered light can be
detected in an experimental transmission measurement.
Due to the conservation law [Eq. (6)], the optical chiral-
ity flux can be determined with a surface integral of Eq.
(9) over the boundaries of the computational domain, fol-
lowing Gauss’ law. Thus, unlike the volume integral of
the optical chirality density [top panel in Fig. 3(b)], the
optical chirality flux remains constant for any computa-
tional domain containing the entire structure (Appendix
E).
According to the plots in Fig. 3(a), the transverse res-
onance exhibits primarily positive (left-handed) optical
chirality density, while the longitudinal resonance is pri-
marily negative (right-handed). This change of sign is
also seen in the integrated optical chirality density and
flux [top and bottom panels of Fig. 3(b)]. However, the
integrated optical chirality density (top panel) does not
match the polarity of the sign in Fig. 3(a), i.e., posi-
tive at 359 and negative at 500 nm. Indeed, as expected,
we found that the shape and sign of the χ¯ spectrum de-
pended on the integration volume chosen.
Meanwhile, the CD spectrum (center panel) does not
even exhibit a resonance at 500 nm. The signals at this
longitudinal resonance for left- and right-handed circu-
larly polarized light are equal and cancel. This effect is
confirmed in Figs. 4(a) and (b), where the absorbed and
scattered spectra are shown for left- and right-handed
5-Σscat, forward
-5.0x10-11
0.0
5.0x10-11
χintegrated
300 350 400 450 500 550 600
300 350 400 450 500 550 600
-5.0x10-18
0.0
5.0x10-18
CDscati
nt
en
si
ty
300 350 400 450 500 550 600
-1x10-11
0
1x10-11
wavelength [nm]
3
-1
0
1
2
-2
-3
0.5
0
0.25
-0.25
-0.5
(a)
(b)
  359 nm resonance    500 nm resonance
In
te
ns
ity
y
z
x
Wavelength [n ]
S
1
FIG. 3. (a) Near-field maps (z = 0 plane) of the optical chiral-
ity enhancement of a Ag nanorod dimer with hemispherically-
capped cyllindrical nanorods (40 nm diameter, 80 nm length,
20 nm spacing). The right nanorod is shifted 40 nm in the
-y direction to create a two-dimensionally chiral structure.
The dimer is excited with x-polarized light propagating along
+z at a transverse (359 nm) and longitudinal (500 nm) res-
onance. (Further transverse resonances at 347 nm and 369
nm are shown in Appendix E.) The transverse (longitudinal)
resonance shows primarily positive (negative) optical chirality
density. (b) Top: integrated optical chirality density [Eq. (2)]
in newtons. Center: scattered component of the dimer’s CD
spectrum in watts. Bottom: forward-scattered optical chiral-
ity flux in N/s. For comparison, −Sscat,forward is plotted.
The dominant sign of the field maps in (a) is also seen in the
optical chirality flux. In the CD spectrum, the longitudinal
resonance is absent.
circularly polarized light separately. The CD spectrum
results from the difference between these two compo-
nents, which are identical at long wavelengths. Sim-
ilar cancellation effects have been observed for chiral
plasmonic nanorod dimers in prior work [39] and can
be explained within the coupled dipole oscillator model
[40, 41]. [For comparison, the scattered power spectrum
upon x-polarized light excitation, scatxPL, is shown in
Fig. 4(c).]
Figures 4(a) and (b) also show that the largest differen-
tial absorption and scattering occurs at 369 nm, leading
to a large CD amplitude. However, due to cancellation
effects, this differential component is not necessarily re-
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FIG. 4. (a) Absorption spectra upon excitation with
left- (absLCPL) and right-handed circularly polarized light
(absRCPL). (b) Scattering spectra upon excitation with
left- (scatLCPL) and right-handed circularly polarized light
(scatRCPL). (c) Scattered power spectrum (scatxPL) upon
excitation with x-polarized light.
lated to the optical chirality density in the near field of
the chiral nanorod dimer. Further details on the CD
spectra are discussed in Appendix E.
Finally, we note that a non-zero optical chirality flux
represents a dominance of either left- or right-handed op-
tical chirality that is scattered into the far field. High op-
tical chirality flux can occur even for a resonance where
the local near-field enhancement is small. The nanorod
dimer displays such a resonance at 500 nm, as indicated
by the high magnitude in Sscat despite low values in
the optical chirality enhancement [Fig. 3(a)] and scat-
tered power [Fig. 4(c)]. Finding such resonances can be
extremely useful (e.g., in enantioselective separation [7])
and is not possible via the local optical chirality density,
which scales with the field enhancement [42].
V. CONCLUSION
In summary, we have formulated the conservation law
of optical chirality in its time-averaged form for lossy dis-
persive media. We identify the optical chirality flux as a
physically useful observable that provides information on
the magnitude and dominant handedness of the optical
chirality in the near field of a structure. The same infor-
mation cannot be obtained with conventional CD spec-
troscopy. Thus, the optical chirality flux can be exploited
as a far-field probe of local resonances at which one hand-
edness dominates the chiral electromagnetic fields. This
can allow more effective use of chiral plasmonic nanos-
tructures in enantioselective applications.
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Appendix A: Derivation of the Time-Averaged
Conservation Law for Optical Chirality in Lossy
Dispersive Media
For the time-harmonic form of a field quantity X, we
use the notation X = Re(X e−iωt) where X represents the
time-harmonic vector field. Thus, Maxwell’s equations in
complex, time-harmonic fields can be written as:
∇× E = iωB, (A1)
∇×H = −iωD + J , (A2)
where we assume time-independent, linear, dispersive
media such that D = (ω)E and B = µ(ω)H. Further-
more, ∇ · B = 0 and ∇ · D = ρ, where ρ represents
the electric-charge density. The derivation of the con-
servation law is shown in Table I and applies Maxwell’s
equations and vector identities by analogy with the time-
averaged form of Poynting’s theorem [34] for lossy dis-
persive media. In Table I, rows (R2) and (R6) apply
Maxwell’s equations while rows (R3), (R4) and (R5)
use appropriate vector identities. The coefficients of the
quantities defined in Eqs. (7) - (9) can be understood
from rows (R7) and (R8).
We implement the chirality conservation law in our nu-
merical calculations for piecewise homogeneous, isotropic
media, where the the electric and magnetic optical chi-
rality densities and the optical chirality flux reduce to
χe =
1
8
iω[D∗ · B − (B)∗ · E ], (A3)
χm =
1
8
iω[D∗ · B − H∗ · (µD)], (A4)
S =
1
4
iω(E × D∗ −H∗ × B), (A5)
within a given material domain. We note that within a
homogeneous, isotropic medium the time-averaged opti-
cal chirality density χ¯ [Eq. (2)] can be expressed as the
real part of the sum of the electric and magnetic chirality
densities [Eqs. (A3) and (A4)]: χ¯ = Re(χe + χm).
Appendix B: The Fro¨hlich Condition in the
Quasistatic Electric-Dipole Limit
In this section, we compare the resonance condition
for electric-field enhancement and scattered power [12]
TABLE I. Derivation of the time-averaged conservation law
for optical chirality in lossy dispersive media.
Row Chirality Conservation
(R1) J ∗ · (∇× E) + E · (∇× J ∗)
(R2)
= (∇×H∗) · (∇× E)− iωD∗ · (∇× E)
+E · [∇× (∇×H∗)]− iωE · (∇×D∗)
(R3)
= H∗ · [∇× (∇× E)]− iωD∗ · (∇× E)
+E · [∇× (∇×H∗)]
−iωE · (∇×D∗)−∇ · [(∇× E)×H∗]
(R4)
= H∗ · [∇× (∇× E)]− iωD∗ · (∇× E)
+(∇×H∗) · (∇× E)− iωE · (∇×D∗)
−∇ · [(∇× E)×H∗]−∇ · [E × (∇×H∗)]
(R5)
= H∗ · [∇× (∇× E)]− iωD∗ · (∇× E)
+(∇×H∗) · (∇× E)− iωE · (∇×D∗)
−∇ · [E × (∇×H∗)−H∗ × (∇× E)]
(R6)
= iωH∗ · [∇× B]− iωD∗ · (∇× E)
+iω(∇×H∗) · B − iωE · (∇×D∗)
−∇ · [E × (∇×H∗)−H∗ × (∇× E)]
(R7) = 8iωχm − 8iωχe −∇ · 4S
(R8)
−1
4
[J ∗ · (∇× E) + E · (∇× J ∗)]
= 2iω(χe − χm) +∇ ·S
with that of optical chirality density and scattered op-
tical chirality flux. While in the former case, the res-
onance condition is defined by αe ∝ 1(ω)−21(ω)+22 , the res-
onance condition in the latter case [see Eq. 14] is de-
fined by the real part of the electric dipole polarizability
Re(αe) ∝ (
′
1−2)(′1+22)+
′′2
1
(′1+22)2+
′′2
1
, where 1 = 
′
1 + i
′′
1 for a
lossy, dispersive medium. The Fro¨hlich condition states
that for small or slowly varying ′′1 in the resonant wave-
length range, the resonance condition of αe occurs at
′1 = −22 [38]. In this regime, both αe and Re(αe) fol-
low approximately the same resonance condition. This is
valid for the permittivity of Ag [43], which is studied in
this work and explains the matching resonance conditions
for the quantities shown in Fig. 2(a).
Appendix C: Finite-Element Simulations
The numerical computations performed in this work
were conducted using the finite-element solver JCMsuite
(JCMwave, Germany) and resulted in time-harmonic,
electromagnetic near-fields governed by Maxwell’s equa-
tions. Data from Johnson and Christy [43] were used for
the optical material constants of the studied Ag nanos-
tructures embedded in vacuum.
Spectral information was obtained with wavelength
scans at a resolution of 1.5 nm. The structures were
excited with a circularly or linearly polarized plane wave
propagating in +z. Quantitative information on the scat-
tered power, the CD spectrum, the scattered optical chi-
rality flux, and the integrated optical chirality density
7was obtained from the electromagnetic near fields by sur-
face or volume integration of the electric-field energy den-
sity and flux or the optical chirality density and flux over
the boundary of the computational domain.
For the nanosphere, a spherical computational do-
main (20 nm diameter) was chosen, while for the chiral
nanorod dimer we applied a cylindrical computational
domain. For spectral information on the reflected and
transmitted components of the scattered power and op-
tical chirality flux, we divided this cylindrical computa-
tional domain into two parts through the center (each
cylinder with 50 nm height, 100 nm diameter). For the
spectral information on the integrated optical chirality
flux, a single, compact cylindrical domain was applied
(60 nm height, 100 nm diameter). The computational do-
mains were bounded by a perfectly matched layer (PML).
For the nanorod dimer, the spatially-dependent optical
chirality density at the resonant wavelengths was calcu-
lated in MATLAB from the electric- and magnetic-field
data obtained in JCMsuite. A 4 x 4 median filter was
used to remove numerical noise which can occur at sharp
interfaces between mesh elements.
Both the finite-element polynomial degree and the
side-length constraint of the mesh were chosen such that
the relative numerical discretization error resulted in val-
ues < 5% for the quantities calculated in the significant
wavelength ranges.
Appendix D: The Quasistatic Electric-Magnetic
Dipole Limit
Section III discusses the quasistatic electric-dipole
limit as a simple analytical example to illustrate the
connection between optical chirality density and opti-
cal chirality flux. Although small metallic nanospheres
(d λ) contain both electric and magnetic dipolar com-
ponents, expressed by their respective polarizabilities, αe
and αm, the electric-dipole limit typically serves as an
accurate approximation when calculating quantities such
as the electric-field enhancement or scattered power be-
cause αm  αe [44]. However, we find that when com-
puting the optical chirality density and flux for a metallic
nanosphere, both electric and magnetic dipolar compo-
nents must be considered. We show this by integrating
the expressions for χ¯d [Eq. (14)] and Sd [Eq. (15)] in the
electric-dipole limit over the polar and azimuthal angles
of a spherical surface:∫ 2pi
0
∫ pi
0
χ¯d(r
2sinθ)dθdφ = 4pir20E
2
0k, (D1)∫ 2pi
0
∫ pi
0
Sd · ~n(r2sinθ)dθdφ = 0. (D2)
Here, Eq. (D1) shows that only the optical chirality den-
sity of the incoming light remains in the system while
Eq. (D2) shows that the integrated optical chirality flux
is zero in the quasistatic electric-dipole limit. Due to the
chirality conservation law [Eq. (6)], in a system where
no optical chirality dissipation occurs, the incoming and
outgoing optical chirality flux are equal and the surface
integral in Eq. (D2) is zero. This is the case of the
electric-dipole limit. However, in our numerical calcula-
tions of the optical chirality flux, S , for a spherical Ag
nanoparticle (Fig. 2), we find that the magnetic dipo-
lar component does indeed contribute to optical chirality
dissipation and the generation of a net optical chiral-
ity flux. Thus, as opposed to calculations of quantities
such as electric-field enhancement and scattered power,
we must go beyond the electric-dipole limit to accurately
predict the optical chirality flux scattered from a metallic
nanoparticle.
Consequently, we studied the quasistatic electric-
magnetic dipole limit to accurately predict the behav-
ior observed for a spherical Ag nanoparticle in Fig.
2. We neglected electric fields produced by a mag-
netic dipole and magnetic fields produced by an elec-
tric dipole and assumed that bi-anisotropy is not gen-
erated when both electric and magnetic dipoles are lo-
cated at the same spatial position [28]. The incident
fields were defined as stated in Sec. III. However, as
opposed to the electric-dipole limit, here the scattered
components of the magnetic field are non-zero and our
total magnetic field becomes Htot = Hinc + Hscat where
Hscat =
1
4pi [3n(n ·pm)−pm] 1r3 with the magnetic-dipole
moment, pm = αmHinc, and magnetic-dipole polariz-
ability, αm = Re(αm) + iIm(αm). Analytical calcula-
tions of the optical chirality density [Eq. (2)] in the space
surrounding the electric-magnetic dipole resulted in:
χ¯el−mag = (D3)
E20k
16pir3
{
16pir30 − [Re(αe) + 0Re(αm)][1 + 3cos(2θ)]
+
1
4pir3
[Re(αe)Re(αm) + Im(αe)Im(αm)][7− 3cos(2θ)]
}
.
The first term in Eq. (D3) corresponds to the con-
tribution of the incoming light, the second set of terms
corresponds to the contribution of an electric and mag-
netic dipole on its own [compare Eq. (14)], and the
third set of terms represents the additional contribution
when both electric and magnetic dipolar components are
present. When χ¯el−mag is integrated over a spherical sur-
face, only the first and third set of terms in Eq. (D3) yield
a non-zero value. The additional third set of terms shows
that for the optical chirality of a metallic nanosphere,
both electric and magnetic dipolar contributions must
be considered. Further, for the example of a spherical
Ag nanoparticle (Fig. 2), αm  αe and Im(αe) is small
or slowly varying at resonance. Thus, Re(αe) remains
the dominant term defining the resonance condition of
χ¯el−mag.
Appendix E: Chiral Plasmonic Nanorod Dimer
In this section, we provide further details on the com-
putations performed for the Ag chiral nanorod dimer.
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FIG. 5. Optical chirality flux in the forward direction, Sscat,
for cylindrical computational domains of 100 nm diameter but
various heights in the +z-direction, h = 30, 50, 100, and 150
nm.
1. Effect of Computational Domain
The effect of the size of the computational domain on
the scattered optical chirality flux, Sscat, is shown in
Fig. 5 at four wavelengths in the relevant range. Be-
cause this quantity is bounded by the conservation law
of optical chirality, its value is independent of the chosen
size of computational domain. This is a major advantage
in comparison to quantities such as the optical chirality
density [Eq. (2)] that yield integrated values that depend
on the choice of computational domain.
2. Transverse Resonances
In Fig. 6 we show near-field maps of the optical chi-
rality enhancement for the three transverse resonances
exhibited by the chiral nanorod dimer (see Fig. 3). Fig-
ures 6(a) and (b) display the first transverse resonance
(347 nm) while Figs. 6(c) and (d) show the second (359
nm) and Figs. 6(e) and (f) the third transverse resonance
(369 nm) respectively. The x-y plane at z = 0 nm (the
center of the rods) is shown in Figs. 6(a), (c) and (e)
while maps at z = 10 nm are shown in Figs. 6(b), (d)
and (f).
The optical chirality flux scattered in the forward di-
rection, Sscat,forward [bottom panel of Fig. 3(b)], ex-
hibits positive extrema of similar amplitude at the sec-
ond (359 nm) and third (369 nm) transverse resonances.
Thus, Sscat,forward predicts a dominance of positive,
left-handed optical chirality density in the near field in
both cases. Indeed, this is confirmed by the near-field
maps shown in Figs. 6(c)-(f). Specifically, this becomes
apparent at z = 0 nm for the 359 nm resonance where
the rods interact strongly [Fig. 6(c)] and at higher z-
coordinates for the 369 nm resonance which is repre-
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FIG. 6. Near-field maps of the optical chirality enhancement
of the Ag nanorod dimer (see Fig. 3) at the three transverse
resonances at 347 nm [(a) and (b)], 359 nm [(c) and (d)] and
369 nm [(e) and (f)]. The maps display the x-y plane at z =
0 nm [(a), (c) and (d)] and at z = 10 nm [(b), (d) and (f)].
sented at z = 10 nm [Fig. 6(f)].
Meanwhile, Sscat,forward at 347 nm is negative and
of significantly smaller magnitude [bottom panel of Fig.
3(b)]. Again, this corresponds to our observations of the
near-field optical chirality density shown in Figs. 6(a)
and (b).
3. Circular Dichroism
Figure 7 provides additional information on the cancel-
lation effects which occur in the circular dichroism (CD)
spectra of the chiral nanorod dimer. At resonance, the
interaction between the nanorods leads to a redistribu-
tion of charges within each rod. In the dipole limit, the
resulting shift in the field lines causes a reorientation of
the dipole moment of each nanorod. Thus, the coupled
dipole oscillator model [40, 41] can explain the observa-
tions made in the CD spectra shown here.
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FIG. 7. Spectral information on the Ag chiral plasmonic
nanorod dimer studied in Sec. IV. (a) Integrated optical chi-
rality density χ¯ in newtons in the space surrounding the struc-
ture. (b) Absorbed (CDabs) and scattered (CDscat) compo-
nents of the CD spectrum in watts. (c) Total CD spectrum
CDtot = CDabs + CDscat in watts.
Figure 7(b) shows that for this structure, the absorp-
tion and scattering components of the CD spectrum are
of similar magnitude and opposite in sign. This effect can
also be described by the coupled dipole oscillator model
[40, 41] and represents an additional source of undesir-
able cancellation effects, which can arise from the detec-
tion of the sum of absorbed and scattered components in
an extinction measurement. The means by which these
cancellation effects can skew the resulting spectral infor-
mation is demonstrated by comparing Fig. 7(a), which
shows the integrated optical chirality density surround-
ing the structure [identical to Fig. 3(b)], and Fig. 7(c),
which shows the sum of the absorbed and scattered com-
ponents of the CD spectrum. The latter corresponds to a
CD extinction measurement. Although when considered
separately, the resonances of the absorbed and scattered
components of the CD spectrum match those of the in-
tegrated optical chirality density, they are skewed and
shifted due to cancellation effects in the total CD spec-
trum [Fig. 7(c)].
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